Abstract. Nalidixic acid has been used to interrupt DNA synthesis in exponentially growing cultures of E. coli B/r. Within three minutes after removal of the nalidixic acid block, premature rounds of chromosome replication are initiated at the normal origin of vegetative DNA synthesis. The new growing forks traverse the chromosome in about 40 minutes, the normal replication time. These rounds continue synchronously into the second generation after removal of the nalidixic acid. These phenomena are similar in some respect to the premature initiation of chromosomal replication observed after thymine starvation or after release of thermo-sensitive DNA synthesis mutants from the restrictive temperature that prevents DNA synthesis.
Introduction. Nalidixic acid rapidly and specifically inhibits DNA synthesis in E. coli. 1 Upon removal of the acid, DNA synthesis resumes rapidly and proceeds at a higher-than-normal rate. This phenomenon is also observed after cells are released from thvmine starvation.
The increased rate of DNA synthesis after thymine starvation has been shown by Pritchard and Lark,3 and Lark and Bird4 to be caused by the premature initiation of new rounds of chromosome synthesis, beginning from the origin of DNA synthesis as defined in amino acid starvation experiments. The experiments to be described here were undertaken to ascertain whether the increased rate of synthesis observed after treatment with nalidixic acid also results from reinitiation of DNA synthesis at the normal vegetative origin.
To assay for the initiation of a new round of replication after treatment with nalidixic acid, we have made use of the finding of Cerda-Olmeda et al.5 that the chemical mutagen N-methyl-N'-nitro-N-nitrosoguanidine (NTG) causes mutations preferentially in those genes being replicated at the time of treatment. Suppose a new round of replication is initiated soon after treatment; then a large increase in the mutation rate for a specific gene should occur at the time that that gene is replicated. Hence, an examination of the mutation frequency in specific genes as a function of time after treatment should show whether a new round of replication has been initiated and also determine the location on the genome at which that round of replication was initiated.
Materials and Methods. Bacterial strains: All strains used were NTG-induced derivatives of the E. coli B/r strain HB60 (from the collection of Herbert Boyer).
These derivatives are: DG337 = HB50 argA-, DG336 = HB60 his-, and DG340 = HB60 leu-; the auxotrophs were selected for their high revertibility to wild type under NTG treatment. Media: Cells were grown on a minimal salts medium that consisted of two solutions which were mixed shortly before use. Solution A contained 2.0 gm (NH4)SO4, 6 .0 gm Na2HPO4, 3.0 gm KH2PO4, 3.9 gm NaCl, and 0.011 gm Na2SO4 dissolved in 200 ml of deionized H20. Solution B contained 0.2 gm MgC12, 0.1 gm CaCl2, and 0.0005 gm FeCl2 -7H20 dissolved in 800 ml of deionized H20. Glucose was added to a final concentration of 0.2%. This medium was supplemented with 50 ,ug/n1l of each DL-amino acid as needed for the growth of a particular strain.
Supplemented agar plates contained minimal salts medium: 0.2% glucose; 1.5% agar; 25 Mg/ml of the L-amino acids arginine, proline, tryptophan, methionine, leucine, histidine as required; and 15 Mg/ml thymidine. The appropriate growth factor was omitted in order to detect cells capable of growing without the growth factor in question.
Nalidixic acid treatment:. Nalidixic acid (generously supplied by the SterlingWinthrop Research Foundation), was dissolved in the minimal salts medium at a concentration of 200 Mug/ml. Cultures in exponential growth were treated with nalidixic acid (10 /Ag/ml final concentration) for 30 min; the acid was then removed by filtration (0.22 ,m Millisore filter) and washing with minimal salts medium. All operations were performed at 370C.
Nitrosoguanidine mutagenesis: Nitrosoguanidine was dissolved to a final concentration of 0.3% in pH 5.0 Tris-maleic acid buffer6 and kept frozen until needed. Just prior to use, the nitrosoguanidine solution was melted and aerated to remove any diazomethane resulting from decomposition of the nitrosoguanidine.
The bacteria were removed from the culture medium by filtration through a 0.22 Mum Millipore filter. After washing with minimal salts medium lacking glucose, the cells were resuspended in pH 5.0 Tris-maleic buffer, and NTG was added to a final concentration of 0.5 mg/ml. After a 15-min period of incubation at 370C, the cells were removed from the NTG solution by filtration and washings with minimal salts medium. The cells were resuspended in minimal salts medium and plated onto selective plates by spreading 0.1 ml of the desired dilution with a glass spreader.
Results. In order to ascertain whether a new round of replications is initiated after treatment with nalidixic acid, an exponentially growing population of bacteria was treated with this acid for 30 min. The nalidixic acid, was then removed by filtration; samples were removed at 5-min intervals and treated with NTG to determine the back mutation frequency of three different auxotrophic markers as a function of time after the removal of the acid.
The results of these experiments for three genetic loci (Fig. 1) show that at various times after removal of the nalidixic acid block (taken to be 0 min), welldefined peaks in the number of revertants per viable cell are observed for each locus. These first peaks are followed, in each case, by broader peaks approximately one generation (of chromosome replication) later. A control experiment using the his-derivative in which the culture was treated exactly as the nalidixic acid-blocked cultures but without the acid, showed no variation of the his reversion rate over two generations of growth. These data indicate that a synchronous new round of replication is initiated after nalidixic acid treatment. The order of replication for the markers tested is argA, leu, and his, respectively, with argA being replicated soon after removal of the nalidixic acid block.
In Figure 2 the time at which the maximum reversion rate (from Fig. 1 . 2) ; this is the normal time to replicate this segment under these growth conditions.1' Both the origin of replication and the direction of replication (clockwise on the genetic map) of the synchronous rounds of replication are in good agreement with the normal origin and direction of replication in E. coli B/r.8-'"
The second peaks in mutation frequency, which follow the first peaks by about 50 min in all experiments, indicate that the new rounds carry over into the second generation of chromosome synthesis after a lag of about 10 min. Since the areas under the second and first peaks are approximately equal, most of the new rounds must continue, although some of the synchrony is lost.
Discussion. The method of induced mutagenesis by NTG allows identification of premature rounds of chromosome replication without depending on previous chromosome alignment or cell synchrony. Our conclusion confirms the recent result of Pritchard et al.,2 that interruption of DNA synthesis by nalidixic acid leads to premature initiation beginning at the origin. In Pritchard's experiments the origin is defined by amino acid starvation; in ours it is the origin for exponentially growing cells.
Three different techniques have now been used to inhibit, selectively, DNA synthesis in E. coli: thymine starvation, used by Pritchard and Lark,3 nalidixic acid, used by Pritchard, Barth, and Collins,12 and in this report, and temperature-sensitive DNA synthesis inhibition, used by Stein and Hanawalt. 13 It is remarkable that all three of these quite different treatments which specifically inhibit DNA synthesis also cause premature initiation of new rounds of DNA synthesis upon release of the block.
One difference is apparent, however, between the new rounds induced by thymine starvation and nalidixic acid treatment. Pritchard and Lark3 found that, after thymine starvation, the pattern of chromosome replication returns to normal after about one generation; this suggests that the new rounds do not continue synchronously into the second generation as they do after nalidixic acid treatment.
Two authors'2 14 have proposed models for the control of initiation of DNA synthesis in which the capacity to initiate a new round depends only on cytoplasmic factors which change with cell age but are independent of DNA synthesis. These models predict that the ability of a cell to reinitiate after a period of DNA inhibition depends upon the age of the cell (i.e., the stage in its life cycle) upon release from the DNA inhibition. The fraction of an exponential bacterial population that reinitiates on release of the DNA synthesis block is expected to increase as the time duration of the block is increased according to these models. For an inhibition period of one generation, all of the population should reinitiate. We have observed repeatedly that more of the population initiates prematurely after a 30-min pulse than after a 10-min pulse. This last result suggests that measurements be made of the effect of specific DNA inhibition as a function of cell age using synchronized cultures; these experiments are now in progress.
